This paper presents the results to-date from a continuing investigation into the differences between total suspended solids (TSS) and suspended-sediment concentration (SSC) data and the ramifications of using each type of data to estimate sediment loads. It compares estimates of annual suspendedsediment loads that were made using regression equations developed from paired TSS and SSC data, to annual loads computed by the U.S. Geological Survey (USGS) using traditional techniques and SSC data. Load estimates were compared for 10 stations where sufficient TSS and SSC paired data were available to develop sediment-transport curves for the same time period that daily suspended-sediment records were available. Results of these analyses indicate that as the time frame over which the estimates were made increases, the overall errors associated with the estimates decreases with respect to loads computed using traditional USGS techniques. Using SSC data to compute loads tends to produce estimates closer to those computed by traditional techniques than those computed from TSS data. Loads computed from TSS data tend to be negatively biased with respect to those computed by traditional USGS techniques.
Introduction
The U.S. Environmental Protection Agency (2000) identifies fluvial sediment as the most widespread pollutant in the Nation's rivers and streams, affecting aquatic habitat, drinking water treatment processes, and recreational uses of rivers, lakes, and estuaries. Two laboratory analytical methodssuspended-sediment concentration (SSC), and total suspended solids (TSS) -are predominantly used to quantify concentrations of suspended material in surface waters of the United States. The analytical methods differ. The SSC method analyzes all of the sediment and the mass of the water-sediment mixture within the sample to derive concentration values (ASTM, 2000) . The TSS method, which originated as a wastewater analytical method, analyzes a subsample of the original sample to compute concentrations of suspended solids (American Public Health Association, American Water Works Association, and Water Pollution Control Federation, 1995) . In practice, TSS data are produced by a variety of methods and equipment. An analysis of quality-control data (Gordon and others, 2000; U.S. Geological Survey, 1999) indicated greater variances associated with the TSS data than with SSC data produced by the same laboratory, and TSS data were commonly negatively biased with respect to SSC data. Gray and others (2000) found that SSC values tend to exceed TSS values from concomitantly collected samples, particularly when the percentage of sand-size material exceeds about a quarter of the sample sediment mass. Gray and others (2000) , Glysson and others (2000) , and the U.S. Geological Survey (2000a) identify the TSS analytical method as fundamentally unreliable for use in quantifying concentrations of sediment in surface waters.
Bias in the relation between TSS and SSC data has important ramifications for estimating sediment discharges. Sediment discharge increases when the product of water discharge and SSC increases. Additionally, the mobility of coarse material tends to increase with the larger flow velocities associated with larger discharges. Because of the strong tendency for SSC to exceed TSS at larger values of SSC (Gray and others, 2000) , suspended solid-phase discharges calculated from TSS data will tend to be underestimated with respect to those calculated from the product of the same water-discharge time series and SSC data. This paper demonstrates that load computation estimates based on TSS data and sediment transport curves can differ substantially from those based on concurrently collected SSC data and the same water-discharge time series. It also compares the load estimates based on TSS, and on SSC data, to those measured and computed by graphical computational techniques traditionally used by the USGS (Porterfield, 1972) .
Data
Concentration samples. A total of 14,466 data pairs analyzed using the SSC (USGS parameter code 80154) and TSS (USGS parameter code 00530) methods were retrieved from the electronic files of the USGS (U.S. Geological Survey, 2000b) . Data were available from 48 States and Puerto Rico.
Samples collected sequentially in-stream may have different concentrations and size characteristics of solid-phase material. This may be due to natural variations in amounts and the composition of solidphase material in transport, and to variance and (or) bias introduced by sampling procedures. Likewise, a subsample may contain an amount and size distribution of sediment atypical of the original sample. However, any bias in individual sediment-concentration and size-distribution data resulting from in-stream variations would likely occur randomly among the SSC-TSS data pairs (Glysson and others, 2000) . Although in-stream sampling or subsequent field processing procedures may have increased the variance of the derivative data, there is no evidence that these procedures are responsible for bias in the SSC-TSS relation.
Daily suspended-sediment loads. The USGS Daily Suspended-Sediment Database (U.S. Geological Survey, 2000c) contains sediment-load records for 1,593 stations through September 1994 that have an average period of record of 5.3 years. The period of record for individual stations ranges from one day to 44 years. Thirteen percent of the stations have 10 years or more of record. These daily records were computed using the standard USGS techniques described by Porterfield (1972) ; each year of record normally has 200 to 300 analytical results from samples available for the computation. The daily records from this database are referred to hereafter as "actual" suspended-sediment loads produced by "traditional USGS techniques." Although there are no estimates of bias and variance associated with sediment-load data computed by techniques described by Porterfield (1972) , these records are generally considered to be the most accurate sediment-load data available for the stations at which they were collected. It is assumed in the remainder of this paper that, for comparison purposes, sediment loads computed from traditional USGS techniques for a station are the true loads.
Criteria for selection of stations used in this analysis. Inclusion of data for a station in this analysis required that all of the following conditions be met: (1) at least 10 or more paired SSC-TSS data pairs available for the station; (2) at least 3 years of continuous daily suspended-sediment load data were available; and (3) the samples were collected during the period of daily load record. Only the 10 stations listed in Table 1 met these criteria and were used in this analysis. Some of these stations had additional periods of daily load records not used in this analysis because the unused period of record did not contain any SSC-TSS data pairs and was not continuous with the period of record listed in table 1. Also, some stations had additional paired SSC-TSS that were not used in this analysis because they were collected outside of the period of daily load record. 
Analysis of the Data
Regression Analysis: A line representing the relation between sediment and water discharge is commonly referred to as a sediment-transport curve. Transport curves delineated by a single straight line fitted through a set of points will not necessarily define an accurate relation between the variables (Glysson, 1987) . The following equation was used to define the relation between concentration data and daily water-discharge data:
Log SL = b 0 int + b 1 ldflow + b 2 cos2 π t+b 3 sin2 π t+ b 4 ldfhi + e, where: SL = suspended-sediment load in tons/day; b x = regression coefficients for the indicated factor in the equation; b 0 int = y intercept; ldflow = natural logarithm of the water discharge; t = decimal time of the year in the form of yr. (day/365); ldfhi = the amount the natural logarithm of flow differs from the natural logarithm of a breakpoint discharge (see next paragraph) where the transport curve may have a break in slope. Negative differences are set to zero; and e = a random error term.
For this analysis, SSC values were plotted with their corresponding water-discharge values on logarithmic scales and visually examined to determine if two ordinary least-squares (OLS) regression lines of differing slope would be an improvement over a single-line model. If two OLS regression lines were deemed appropriate, the water discharge at which the lines intersected, otherwise referred to as the "break in slope," was estimated. The discharge at this break in slope was used in the bootstrapping program (defined below in the "Load Estimation Method" section) and is represented by the ldfhi variable. The magnitude of the break in slope of the regression lines was determined by regression analysis. Table 2 is a summary of the results of the regression analysis.
Sediment-transport curves can exhibit seasonal trends (Glysson, 1987) . To investigate the effect that seasonality might have on the relation of sediment concentration to water discharge for the 10 stations used in this study, sine and cosine functions were added to the regression equation. Data for all stations were estimated using ordinary least squares regression analyses for models with and without seasonal cycles. A standard F test showed that for several stations, the single cycle sine and cosine functions were significant. 
Load Estimation Method
Daily and annual sediment loads were estimated using bootstrap analysis (Efron, 1982) , a robust estimation program that does not assume any particular distribution for the error term of the regression model. The only limitation in its use is that the error term must be serially independent, identically distributed, and independent of the explanatory variables. The program is implemented by forming repetitive resamples of the N available observations. Each resample is formed by randomly selecting, with replacement, N observations from the original sample. Thus, for the first resample, the first observation may appear twice and the second observation may be excluded; for the second resample, the first observation may appear once and the second observation may appear twice. A total of B resamples are selected in this manner, representing B iterations of the bootstrap program. For each bootstrap iteration, the regression model is estimated and the coefficient estimates and estimated errors are used to simulate load for each day of the flow record. One-hundred iterations were used in this analysis for all stations. Simulation of a daily load value is based on the log-linear regression equation; using the bootstrap iteration's coefficient estimates and randomly selecting one of the N estimated errors. The resulting simulated logarithmic load value is then exponentiated and stored. Simulated daily values for a water year are aggregated to form a bootstrap iteration estimate of the annual load.
Repeating this process for all B bootstrap iterations results in B estimates of each daily and annual load value in the flow record. The average and standard deviation of these B estimates is the bootstrap mean and standard deviation estimate of daily and annual load.
Discussion of Results

Inaccuracies of regression analyses:
Estimates of suspended-sediment loads based on regression analyses are subject to significant errors (Glysson, 1987) . Because of the nature of sediment transport in open channels, there can be a large range in sediment concentrations at any given discharge. The fewer the number of concentration values available to define this range, the larger the potential errors can be.
Progressively better results in the estimates as the time period increases:
The magnitude of variations resulting from the use of regression analysis to estimate sediment loads decreased substantially with respect to those computed by traditional USGS techniques as the time frame of the estimated value increases. For example, errors between daily-sediment loads computed by regression versus traditional USGS techniques at the Rio Grande at Otowi Bridge station were as large as 4000%, while the maximum error in the estimation of an annual load was 526%. However, the error in the estimate of the total suspended-sediment load for the 34 years of record at this station is only 38%. Table 3 shows the errors in the estimate of the suspended-sediment loads for the 10 stations used in this analysis.
Comparison of total suspended-sediment load estimates using SSC and TSS data:
The results in Table 3 show that at 6 of the 10 stations analyzed, the error in total estimated load using TSS data for the period of record was at least 30% smaller than their respective actual loads. The other four stations (Brewery Creek at Cross Plains, Wisconsin; Kaskaskia River near Venedy Station, Illinois; Tongue River at Milles City, Montana; and Yakima River at Krona, Washington) had comparable results (differences in errors less than 15%) when either the TSS or SSC data were used. On the basis of this comparison, if one was to use the TSS data to estimate the long-term suspended-sediment load for a station, one might expect the estimates to be substantially lower (biased 20% or more low) than actual loads for about 70% of the stations. However, if SSC data were used, loads for only about 30% of the sites might be expected biased 20% or more lower than actual loads.
Ten stations represent an inadequate sample size to make an accurate prediction of the percentage of time each type of data will give an acceptable result. This analysis does give an indication, however, that the chances of obtaining a better estimate is significantly greater when using SSC then when using TSS data.
At 6 of the 10 stations included in the analysis, errors in the total estimated load for the period of record were equal to or greater than 40% when the TSS data were used, compared to an error of such magnitude at only one station when the SSC data were used. As a hypothetical example, if one used the results of this analysis based on TSS data to estimate the reduction in loads for a Total Maximum Daily Load (TMDL) study, an estimate that was initially biased 40% low might be unacceptable. If the post-remediation sediment load that was needed to meet the TMDL criteria was, for example, a 30% reduction in the sediment load from the estimate made, the best management practices imposed on the watershed would be targeted to that percentage. When monitoring in the TMDL reach begins and the SSC analysis is used -as it should be to accurately describe the suspended-sediment concentration in an open channel (Gray and other 2000; U.S. Geological Survey, 2000a ) -the results of the monitoring program would indicate an increase in the sediment load (assuming a similar hydrologic regime and land use existing at the time that the historical data were collected). This might cause the investigator to erroneously conclude that the best management practices implemented to remediate the TMDL reach were having a detrimental rather than beneficial effect on the sediment-transport problem.
Can one tell if the TSS data will give as good or better estimates of suspended-sediment loads without having traditional daily suspended-sediment data with which to compare? The answer to this question is that apparently one cannot tell if the TSS data will give an accurate estimate simply by comparing the relation between the TSS and SSC data. Figure 1 shows plots of the paired SSC and TSS data for four of the stations used in this analysis. The plots of the Delaware River, and Brewery Creek stations show a fairly good relation and little difference between the TSS and SSC concentration pairs. The errors in the total estimated load for the Brewery Creek station are relatively small (TSS = 9% and SSC = -3%), but the estimate of the total sediment load for the Delaware River station is -40% when using the TSS data and only -5% when the SSC data were used. Additionally, total loads using TSS data for the San Juan and Big Muddy River stations were significantly underestimated (-80% and -65%, respectively). A review of the plots of the data in Figure 1 shows the regression line for the Big Muddy River station, which was fitted to the paired data, converges with the line of equal value as the concentrations increase but diverges for the San Juan River station plot. One might construe that the converging relation might give a better estimate because the differences between the TSS and SSC values lessen as the concentration increases. This was not true, at least at the Big Muddy River station.
Summary
1. Use of regression analysis to develop sediment-transport curves for estimating suspendedsediment loads can result in substantial errors. The absolute value of errors in this study ranges from as large as 4000% for the estimation of a daily load to 2% for the estimation of the sum of the loads for the period of record. In all cases, differences found between the actual suspendedsediment loads computed by traditional USGS techniques and associated estimated loads decreased as the time period over which the loads were estimated increased.
A well-defined, carefully constructed, and judiciously applied sediment-transport curve can be a useful tool for estimating sediment loads. However, because of the potential large errors associated with using regression analysis for sediment-load estimates, loads calculated from transport curves should not be considered a substitute for daily-sediment records.
2. The magnitude of the errors in load estimates from the two data types with respect to traditional computational techniques is at least partly a consequence of the relatively few observations used to define the regression relations. However, the relative errors between loads computed by transport curves defined by SSC versus TSS are indicative of the relative errors associated with the two analytical methods.
3. Load estimates using SSC data tend to have smaller errors than those for which TSS data were used. Six of the 10 sites included in the analysis indicated errors in the sum of the loads larger than 40% when the TSS data were used, compared to only one when the SSC data were used. No stations had the errors in the sum of loads using TSS data significantly smaller than those using SSC data.
4. No simple, straightforward means for comparing SSC-TSS paired data has been identified to determine if the TSS data will give as good or better estimate of the suspended-sediment load.
9 * Error = 100(estimated load -measured load)/ measure load. ** The sum for the period of record of the measured load and the estimated load were used in this calculation.
